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HIGHLIGHTS 


• Softwood, hardwood and olive stone heated at 250 and 450 °C were characterized. 

• Results from bulk chemical and physical techniques and microscopy were integrated. 

• Moderate chemical and structural changes occurred at 250 and drastic ones at 450 °C. 

• Differences between hardwood and softwood were subtle, but large for olive stone. 

. Greater heterogeneity was observed at torrefaction than at carbonization temperatures. 
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Morphological and structural changes of different types of biomass after torrefaction and low-tempera¬ 
ture carbonization processes have been investigated using a variety of characterization techniques com¬ 
prising Fourier-Transform infrared spectroscopy (FTIR), gas adsorption at different pressures, 
thermogravimetry, optical and scanning electron microscopy techniques together with chemical analysis. 
The biomasses selected included softwood chips (pine), hardwood chips (acacia, eucalyptus, forest resi¬ 
dues from eucalyptus) and olive stone. Torrefaction led to the enrichment of carbon and a decrease in 
reactivity, accompanied by a decrease in the hydrogen- and oxygen-bearing functionalities and a slight 
increase in aromatization. This was physically reflected in cell-wall shrinkage, resulting in a brittle, 
well-defined vegetal structure with moderate microporosity, in which slight increase in cell-wall reflec¬ 
tance and significant decrease in fluorescence have been produced. Carbonization at 450 °C in turn led to 
a further loss of oxygen functionalities and a large increase in aromaticity, reflecting the virtual disap¬ 
pearance of hemicellulose and cellulose. This caused a significant increase in optical reflectance, loss of 
fluorescence and development of both meso- and microporosity generating an isotropic solid with a dis¬ 
ordered structure similar to that of industrial charcoal. The microscopy techniques also showed the het¬ 
erogeneity of the treated samples in terms of reflectance distribution or fluorescence properties, which 
cannot be assessed by bulk characterization techniques. They indicated a greater heterogeneity in the 
sample treated at torrefaction temperatures. The different characterization techniques have revealed 
minor differences between hardwood and softwood behavior, essentially attributed to resinous impreg¬ 
nations in the latter, whereas greater differences were observed between woods and olive stone due to 
significant differences in their internal and external structure. 

© 2014 Elsevier Ltd. All rights reserved. 


1. Introduction 

Partial substitution of fossil fuels by biomass in industrial pro¬ 
cesses has become attractive because its utilization could contrib- 
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ute significantly to a reduction in C0 2 from fossil fuels emissions. 
Nowadays, biomass is considered a neutral C-source because the 
C0 2 generated by combustion is compensated for by the C0 2 
absorbed from the atmosphere during plant growth [1 ]. Consider¬ 
ing biomass as a neutral C-source necessarily requires that forest 
management is conducted in a sustainable way via a steady and 
contrasted supply of biomass through energy crops. The partial 
replacement of fossil fuels by biomass may contribute to protect¬ 
ing the environment in the short-medium term [2], As regards 
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the two major uses of coal (energy generation and metallurgical 
coke production), biomass is currently used in relatively small¬ 
sized boilers for heating purposes but it is gradually being incorpo¬ 
rated into large-scale power generation plants in combination with 
traditional fuels [3], Charcoal mainly produced in beehive kilns 
from eucalyptus wood is also used as an energy source and as 
chemical reducing agent in mini blast-furnaces in Brazil [4-7], 
Recently, the use of charcoal in large metallurgical coke-based 
blast furnaces with pulverized coal injection [8,9], and as an addi¬ 
tive in coal blends for metallurgical coke production are also being 
explored [9-12], 

The partial substitution of biomass for coal is not only attractive 
because of the environmental benefits, but also because some 
types of biomass, like wood, have low inorganic matter and impu¬ 
rity contents (e.g. sulfur), which are typical contaminants in many 
processes [13], However, some features common to raw biomass 
such as a high moisture, and a high oxygen content, a low heating 
value and even its fibrous structure, which makes grinding diffi¬ 
cult, are often undesirable in industrial processes. These character¬ 
istics make it difficult to handle biomass, and increase the energy 
consumption which is especially disadvantageous when the bio¬ 
mass has to be ground to a pulverized size [14], Biomass thermal 
treatment under an inert atmosphere at mild temperature 
between 200 and 300 °C (torrefaction) and at moderate tempera¬ 
ture between 400 and 500 °C (carbonization) improves its charac¬ 
teristics for use as an energy source in different processes [15-18], 
Through heating, biomass undergoes chemical, physical and struc¬ 
tural transformations whose magnitude depends on the final tem¬ 
perature of the treatment [15,16,19], The main bulk 
transformations upon torrefaction are a reduction in hygroscopic- 
ity [20-23] and an improvement in grindability [23-26] and 
energy density [20,27], whereas carbonization leads to greater car¬ 
bon enrichment, which is preferred for energy purposes [28,29], 
despite the lower solid yield. Optimum torrefaction conditions 
have been established for around 30% mass loss, which gave a 
20% increase of higher heating value [16], 

Among the techniques used for characterization of thermally 
treated biomass, thermogravimetric analyses have shown little 
variation in the combustion characteristics of biomass treated at 
below 300 °C [24,30], and also similar distributions of pore size 
determined by N 2 adsorption for torrefied and raw biomasses 
[23], Structural models based on spectroscopic techniques 
[23,31] of carbonized biomass suggest a rather aromatic highly 
conjugated structure with significant amounts of oxygen heteroat¬ 
oms, which correspond to solids with values of specific surface 
area of few hundreds depending on the treatment temperature 
[31], Both treatment temperature and feedstock have shown to 
have an impact in the characteristics of the biochars [30,31], 

In the present work, the results of chemical, spectroscopic, 
physical adsorption and microscopic techniques have been inte¬ 
grated to study the transformations occurring in biomasses of dif¬ 
ferent characteristics (softwood and hardwood chips and olive 
stones) during the thermal treatments of different severity. The 
main contribution is the combination of results from bulk tech¬ 
niques providing information of the whole sample and quantitative 
microscopy, able to describe the heterogeneity of the sample. 

2. Material and methods 

Four types of biomass were selected: softwood chips of Pinus 
illiotis (Pin), hardwood chips of Acacia mangium (Aca) and Eucalip- 
tus saligna (Euc), the residual biomass from an unselected collec¬ 
tion of Eucaliptus saligna (Rec), and olive stone from Olive 
europaea (Ols). The wood chips were sieved to 19 mm and the olive 


stone was maintained at its commercialization size of below 5 mm. 
Thermal treatments were conducted in a vertical furnace at atmo¬ 
spheric pressure, under a nitrogen flow of 50 mL min -1 , at a heat¬ 
ing rate of 5 °C min -1 up to the target temperature with a holding 
time of 30 min. Samples were dried at 50 °C before thermal treat¬ 
ment and the amount of sample used in each test was 40 g. Two 
different target temperatures were selected: 250 °C to generate 
torrefied biomass and 450 °C to generate charcoal. The suffixes 
“to” and “ca” identify these samples, respectively. 

The samples were subjected to proximate and ultimate analyses 
as well as tests for total sulfur content and higher heating value 
(HHV) according to the ISO 17246:2010, ISO 29541:2010, ISO 
19579:2006 and ISO 1928:2009 standards, respectively. 

The pore surface area of the thermally treated biomasses was 
determined by gas adsorption isotherms using N 2 at -196 °C and 
C0 2 at 0 °C as adsorptives with a Micromeritics ASAP 2020 equip¬ 
ment. The samples were outgassed while heated at 5 °C min -1 in 
two steps: (1) up to 90 °C with 1 h holding time; (2) up to 150 °C 
for the torrefied biomasses and up to 350 °C for the carbonized bio¬ 
masses, with a holding time of 4 h. The temperatures used for out- 
gassing are well below the temperatures used for the thermal 
treatment of biomasses and were not expected to modify their por¬ 
ous structure. The Brunauer-Emmett-Teller (BET) theory was 
applied to the N 2 adsorption data in the interval of relative pres¬ 
sure (P/P 0 ) 0.05-0.3 to determine the mesopore surface area [32], 
C0 2 adsorption isotherms were performed up to a pressure of 
0.035 torr to evaluate the micropore surface area. The Dubinin- 
Radushkevich (D-R) equation [33] was applied to all adsorption 
data (up to P/P 0 of 0.035), and a value of 0.17 was used for the 
molecular cross-sectional area. 

Fourier-Transform infrared (FTIR) spectra were collected in a 
Nicolet IR 8700 spectrometer fitted with a mercury-cadmium tel- 
luride detector (MCT-A) operating at sub-ambient temperature 
and a Smart Collector diffuse reflectance (DRIFT) accessory. Spectra 
were obtained by co-adding 100 scans at a resolution of 4 cm -1 . 
Several FTIR indices derived from the maximum intensity (!) of 
selected absorption bands were used to assess the changes in the 
chemical structure of the biomass. 

Morphological variations in the biomass upon heating were 
assessed by using a JEOL JSM 6060 microscope (SEM) and both 
the physical transformations and morphological changes were 
determined using a reflected light DMP 4500 optical microscope 
(OM) equipped with 50 x oil immersion objectives. Cell-walls 
reflectance was measured in the torrefied and carbonized samples 
following the ISO 7404-5:2009 standard for vitrinite reflectance 
measurements in coal. Fluorescence spectra of the raw and torr¬ 
efied biomasses were measured using ultraviolet light excitation 
and corrected using the spectrum of a quartz-iodine lamp accord¬ 
ing to the procedure described by Baranger et al. [34], For each 
component around 20 spectra were averaged. The parameters used 
for comparing the different spectra were 2 max (wavelength of 
maximum fluorescence intensity) and the red/green quotient 
(Qr/g = intensity at 650 nm/intensity at 500 nm). 

Combustion at programmed temperature was measured in a TG 
7 Perkin-Elmer thermoanalyzer. Approximately 13 mg of sample 
ground to <212 pm were heated under an air flow of 50 mL min -1 
from 50 °C to 900 °C at a heating rate of 20 °C min -1 . From the first 
derivative of the weight loss curve (DTG), several combustion 
parameters were derived: initial burning (Ti), maximum (Tp) and 
final or burnout (Tf) temperatures, defined as the temperature at 
which reactivity is 1/5 of the maximum [35], peak temperature, 
and temperature at which weight loss have ceased, respectively. 
The maximum reaction rate (ash-free basis) was calculated as 
R max = — 1/wq (dw/dt), where w 0 is the initial weight of the sample. 
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3. Results and discussion 

3.1. Raw biomasses characteristics 

Raw biomasses were characterized by high volatile matter and 
oxygen contents as well as low ash, carbon, nitrogen and sulfur 
contents [36], As can be seen from Table 1 the HHV of the raw bio¬ 
masses used in this study was about 20 MJ kg -1 . Only minor differ¬ 
ences in the chemical composition were observed between the raw 
biomasses as regards the volatile matter (82.1-83.9%), C (48.9- 
51.6%) and S (0.01-0.09%) contents (Table 1). The highest ash con¬ 
tent corresponding to the eucalyptus residues (Rec) was associated 
to its more heterogeneous composition comprising not only wood 
but also leaves and other plant components. 

The FTIR spectra of the raw biomasses are shown in Fig. 1 and a 
more detailed explanation of the band assignments is provided in 
Table 2. All the spectra were characterized by features common to 
biomass: a broad band due to the stretching vibration of hydrogen 
bonded O—H around 3400 cm -1 (vO—H); the typical C—H stretch¬ 
ing vibrations between 2980 and 2750 cm -1 assigned to aliphatic 
groups (vCH a i); a prominent band centered at 1735 cm 1 due to 
C=0 stretching in non-conjugated and conjugated systems (car¬ 
bonyl/carboxyl groups) whose intensity is used to estimate the lig¬ 
nin/carbohydrate relative abundances in woody biomass [38]; a 
band at nearly 1650 cm -1 attributed to O—H absorbed in conju¬ 
gated C—O bonds [45], which was a distinct feature of hardwood 
and olive stone, appearing as a broad band joined to the aromatic 
vC=C band in the softwood spectrum; the typical carbohydrate 
bands of cellulose and hemicelluloses at 1375 cm 1 (C—H defor¬ 
mation vibration), at 1158 cm ' (C—O—C vibrations), 1048 cm 1 
(C—O stretch vibrations) and 898 cm -1 (C—H deformation in poly¬ 
saccharides); vC=C bands characteristic of lignin at 1596 and 
1506 cm 1 , whose relative intensity was dependent on the type 
of biomass; the absorption bands attributed to lignin in the region 
1000-1400 cm ', which were only slightly different in softwood 
and hardwood. Additionally, the Pine softwood spectrum showed 
two distinct bands at 1271 and 1232 cm -1 attributed to the guaia- 
cyl-type lignin [37], whereas hardwood lignin presented a single 
band at around 1250 cm -1 , which refers to the syringyl nuclei 
[38], The olive stone spectrum showed a single band in this region 
shifted to higher wavenumber than the lignin hardwood band 
(1264 compared to 1250 cm 1 ). The aliphatic C—H deformation 
vibrations (8CH a ,) corresponding to polysaccharides were also 



present in all the spectra (bands at 1456 and 1426 cm -1 , also 
assignable to the 8CH a i of lignin; and the band at 1375 cm -1 ). 

Several FTIR indices as defined in Table 3 can be used to follow 
the wood decay [38], The / ar // a , ratio, which is widely used to esti¬ 
mate aromaticity [46,47], showed high values for three samples 
Rec, Pin and Ols. Aromaticity in biomass is related to lignin macro¬ 
molecule built from polyphenyl propane units, mainly guaiacyl 
propane (G) and syringyl propane (S), which are bonded to each 
other by several linkages. Thus, differences in the C=C environ¬ 
ment are reflected in the / c =cii g index. While the hardwoods had 
a ratio near to unity, the softwood and Ols spectra showed a high 
amount of aromatic C=C bonds absorbing close to 1506 cm -1 , 
allowing the hardwoods to be distinguished from the softwoods 
and reflecting a sort of lignin maturity as the 1506 cm -1 band 
tended to disappear in the carbonized samples (Table 4). 

As regards the carbohydrate (CHY) abundances in the raw bio¬ 
masses, three indices were used: Ic=c/I c=o, Ilig/Ichy and 1lig/1chy2. 
The f c =c/fc=o ratio is probably not only an estimation of lignin to 
carbohydrate abundances in the raw samples, but also an indica¬ 
tion of the relative abundances of oxygen functionalities to aro¬ 
matic rings in the thermally treated samples. The fuc/fc hy ratio 
was greater than unity for Pin (softwood) sample (Table 4), indicat¬ 
ing higher lignin content in the softwoods [48], The I uc /Ichy2 ratio 
was lower in Pin than one would expect from the high values of the 
fuc/fcHY ratios and / c =c//c=o due to the large differences in intensity 
of the two lignin vC=C bands. 


Chemical analyses of ra’ 


thermally treated biomasses expr 




Biomass Proximate analysis (wt%) 

Ash VM FC 


Ultimate analysis (wtX) Total sulfur (wt%) HHV (MJ kg ’) 

C_H_N_Odif_S™ 


Raw samples 

Aca 1.12 83.94 

Euc 0.79 82.55 

Rec 1.26 80.98 

Pin 0.70 82.10 

Ols 0.37 82.41 

Torrefied samples 

Aca-to 2.47 70.06 

Euc-to 0.89 73.77 

Rec-to 2.03 69.86 

Pin-to 0.86 73.29 

Ols-to 0.37 77.10 

Carbonized samples 

Aca-ca 5.03 14.92 

Euc-ca 2.44 16.52 

Rec-ca 3.61 15.66 

Pin-ca 1.72 25.72 

Ols-ca 1.28 15.98 


14.94 48.93 6.06 

16.66 49.79 6.02 

17.76 49.66 6.09 

17.20 51.10 6.14 

17.22 51.62 5.97 


27.47 54.95 5.47 

25.34 55.41 5.73 

28.11 57.04 5.64 

25.85 57.11 5.76 

22.53 55.04 5.80 


80.05 83.58 3.09 

81.04 85.02 3.16 

80.73 85.31 3.20 

72.56 78.24 3.52 

82.74 86.28 3.32 


0.43 43.44 0.02 

0.37 42.95 0.08 

0.54 42.39 0.06 

0.41 41.56 0.09 

0.25 41.78 0.01 


0.60 36.47 0.04 

0.45 37.48 0.04 

0.67 34.58 0.04 

0.48 35.77 0.02 

0.17 38.60 0.02 


0.84 7.45 0.01 

0.57 8.80 0.01 

0.89 6.97 0.02 

0.60 15.92 <0.01 

0.46 8.65 0.01 


19.5 

19.6 
19.5 


20.5 


32.4 

32.1 

30.7 
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assignments i 


FTIR spectra of the raw, torrefied and 


biomasses. 


Wavenumber (cm -1 ) 


Band assignment 


References 


3400 

3050 

2800-2900 

1735-1739 

1647-1653 
1596 and 1506-1510 
1456-1465 and 1426- 
1428 
1376 

1320-1333 

1271 (Only in softwood) 

1232 (Only in softwood) 
1246-1257 (Only in 
hardwoods) 
1167-1170 

1128-1134 and 1086- 
1093 

700-900 


Hydrogen-bonded 0-H [12,37-40] 

C—H stretching of aromatic rings in carbonized samples (vCH ar ) [41,42] 

C-H stretching of methyl and methylene groups (vCH a ,) [12,39,40,42,43] 

C=0 stretching modes (vC=0) attributed to oxygenated functionalities in non-conjugated and conjugated systems [12,38-40] 
(carbonyl/carboxyl groups) 

Absorbed O—H and conjugated C—O [38,45] 

Aromatic skeletal vibrations in lignin (vC=C). Shift to higher wavenumbers upon heating 

C—H deformations in lignin and carbohydrates (SCHai) [12,37,38,44] 

C—H deformation in cellulose and hemicellulose (8CH chy ) [38,44] 

C—H vibration in cellulose and C—O vibration in syringyl derivatives [38,44] 

Attributed to a mode associated with the guaiacyl ring, C—O stretching in lignin and C—O linkage in guaiacyl [37,38,43] 

aromatic methoxyl groups 

Attributed to a combination of a deformation of the syringyl ring and a deformation of cellulose 

Syringyl ring [37,38,44] 

Antisymmetrical bridge oxygen stretching (vC—O—C) [38] 

C—O stretching modes (vC—O) [38,44] 

C-H deformation in cellulose (yCH chy ) [37,38,44] 

Three bands corresponding to out-of-plane deformation 1-4 adjacent C—H bonds in aromatic rings (yCHaJ [39-41,43,47] 


Infrared Indices used in this paper and their significance. 


FTIR index Definition Absorption bands 


Significance 


WJcHY W/1736 

/c=dig W/1506 

WW /,596/1,646 


vC=C 1506 cm-' 

VC=0 1735 cm- 1 

VC=C 1596 and 1506 cm 1 

vC=C 1596 cm 1 

vC—O and C-0 1646 cm 1 


lc=c/lc=o 


1,596/1,736 (raw) vC=C 1596 or 1608 cm- 1 

1,608/1,7,6 (to) vc=0 1736 or 1716 or 1696 cm- 1 

1,608/1,696 (ca) 

1,596/12936 vC=C (1596-1608 cm- 1 ) 

vCH al (2936cm- 1 ) 


Relative abundance of lignin and carbohydrates 
Lignin maturity 

Decay of wood involving lignin C=C bands and O—H absorbed in conjugated C—O bonds 
Relative abundance of oxygen functionalities 

Aromaticity 


Microscopic observations by SEM and OM revealed very similar 
structures in the Euc and Rec samples (Fig. 2). The woody bio¬ 
masses showed large and elongated particles with a fibrous 
appearance, and without any significant porosity (Fig. 2a and d). 
Under a reflected light optical microscope, the samples were trans¬ 
lucent in white light (Fig. 2b and e) showing occasionally reddish 
internal reflections. They exhibited an intense green fluorescence 
under blue-violet 1 light (Fig. 2c and f). The eucalyptus residue con¬ 
sisted of woody material as the major component and a variety of 
other plant components. Among the non-woody components 
Fig. 2e and f shows the presence of a cuticle attached to the paren¬ 
chyma tissue of a leaf that exhibited a more orange fluorescence 
(Rec-cut). Its spectrum had a high intensity in the red region 
(Fig. 3a). The highest intensity fluorescence spectra were those of 
acacia, intermediate and similar intensities could be observed for 
the Euc, Rec and Pin spectra and the lowest intensity spectra corre¬ 
spond to those of Olive stone (Fig. 3a). Both the Aca and Euc woody 
tissues exhibited certain heterogeneity in their fluorescence proper¬ 
ties, with a few tissues exhibiting a yellowish color and a shoulder in 
the blue region of their spectra, like most of the woody material in 
the samples (Fig. 3b and c). The shift to longer wavelengths of 
Euc-2 and Aca-2 spectral maxima compared to those representing 
the majority of the sample (540 nm vs 440 nm) may be attributed 
to oxidation or alteration of the component, as occurs in coal [49], 
The parameters derived from the spectra are shown in Table 5. Both 


1 For interpretation of color in Figs. 2,3, 6, and 7, the reader is referred to the web 


FTIR indices related to lignin and carbohydrates absorption bands in raw, torrefied 
and carbonized biomasses. 


Samples /lig/Jchy 

Raw 

Aca 0.91 

Euc 0.95 

Rec 0.97 

Pin 1.66 

Ols 0.89 

Torrefied 

Aca-to 1.26 

Euc-to 1.44 

Rec-to 1.23 

Pin-to 1.65 

Ols-to 0.91 

Carbonized 
Euc-ca 




1.00 1.06 

1.02 1.03 

1.04 1.12 

0.77 0.92 

0.85 0.99 


0.99 1.34 

0.92 1.40 

1.06 1.39 

0.75 1.39 

1.15 1.15 


Ic=clIc=o Whi 


0.91 0.88 

0.97 0.95 

1.01 1.17 

1.28 1.25 

0.76 1.32 


1.09 1.02 

1.15 1.32 

1.12 1.18 

1.12 1.43 

0.77 1.33 


2.11 11.13 

2.12 12.18 

2.28 13.26 

2.02 9.10 

2.21 8.45 


2 max and Qr/g were similar in the case of lignocellulose tissues with 
spectral maxima at 440 nm and a very low Qr/g value (0.1 for the 
Aca, Rec and Ols samples and 0.2 for Euc and Pin). The differences 
in the fluorescence spectra of the cuticles in the Rec sample reflected 
different chemical compositions, indicating lipidic substances [50] 
with an intense reddish fluorescence (2 max = 675 nm; Fig. 3a). 
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Fig. 2. Appearance of raw biomasses under the scanning electron microscope (a and d) and the optical microscope (b, c and e, f). WL = white light, FL = Fluorescent light. 
Optical microscope images were taken under incident light and oil immersion objectives. 


3.2. Combustibility of the biomasses 

The DTG curves of raw biomasses obtained in air are conform to 
the typical combustion profiles with three distinct peaks, each cor¬ 
responding to a weight loss step (Fig. 4). Those of the softwood 
(Pin), hardwood (Euc) and Olive stone (Ols) are shown as an exam¬ 
ple. The first peak at nearly 100 °C corresponded to the moisture 
loss. The second peak from 200 to 400 °C corresponded to the over¬ 
lapping of the burning modes of hemicellulose and cellulose, the 
former known to burn at slightly lower temperatures than the lat¬ 
ter [51,52], The hardwood samples (Aca, Euc and Rec) exhibited the 
shoulder related to the decomposition/combustion of hemicellu¬ 
lose (see Euc in Fig. 4a), while the maximum reactivity corre¬ 
sponded to the combustion of cellulose [51,52], Pine did not 
show a well-defined hemicellulose shoulder (Fig. 4b), probably 
due to the lower hemicellulose content in softwoods [48], whereas 
Olive stone exhibited two maxima of similar intensity (Fig. 4c and 
Table 6) in this region, having the lowest values of maximum reac¬ 
tivity. The composition of the Olive stone essentially consists of 
hemicellulose, cellulose and lignin, with hemicellulose and cellu¬ 
lose contents being closer than in the wood chips, and cellulose 
being significantly lower than that of softwood [48,53], The third 
peak above 400 °C, which is attributed to the combustion of lignin 
and the combustion of the char formed by resolidification of the 
carbonaceous material [40,51], had the widest burning interval. 
Pin sample showed the highest combustion temperatures of all 
the raw samples indicating a high thermal stability (Table 6). This 
is attributed to its higher lignin content compared to hardwood 
[52], 

3.3. Transformations during the thermal treatment 

The main transformations occurring upon torrefaction and 
carbonization were associated with an increase in the amount of 
ash - although the amount of ash was still low in the carbonized 
sample - a decrease in the volatile matter, and FI and S contents 
and an increase in the C and N contents (Table 1 ). A high thermal 
stability of the N-functionalities, which were retained in the carbo¬ 
naceous solid, is derived from elemental analysis, whereas most of 
the S was released as volatiles. The changes in chemical 


composition were reflected in the HHV, which increased up to val¬ 
ues typical of a subbituminous coal in the case of the torrefied 
samples and to a high volatile bituminous A rank in the case of 
the carbonized samples, according to the ASTM coal rank classifica¬ 
tion (ASTM D388). 

Generally, the samples which were heated at the same temper¬ 
ature showed a similar chemical composition, regardless of the 
type of wood. The torrefied samples, which experienced the lowest 
temperature treatment, still retained high amounts of volatile mat¬ 
ter and oxygen and have low ash and carbon contents (Table 1 ), the 
exception being the carbonized pine, which showed a higher vola¬ 
tile matter and H content and a lower C content than the other car¬ 
bonized biomasses. This difference could be due to the effect of 
resinous H-rich impregnations occurring in conifers [54], 

The main features characterizing the changes in FTIR spectra of 
the biomasses upon pyrolysis can be seen in Fig. 5 and summarized 
as follows: a significant decrease in hydroxyl (vO—H) and aliphatic 
bonds (vCH al ), together with the formation of condensed aromatic 
rings, evidenced by the presence of a vCFI ar stretching band at 
3050 cm 1 , is observed in the carbonized samples. The oxygen 
functionalities (at 1700 cm 1 and 1400-1000 cm ’) showed a 
slight decrease from the raw to the corresponding torrefied sam¬ 
ple, essentially due to the loss of hemicellulose at the mild torre¬ 
faction temperature. A further increase in temperature during 
carbonization resulted in the almost complete loss of oxygen-bear¬ 
ing functionalities (Fig. 5). The aromatic C=C bands centered at 
1596 and 1506 cm _1 in the raw biomasses were slightly shifted 
to a higher wavenumber (1606 and 1512cm respectively) in 
the torrefied spectra and only the band at 1606 cm _1 was present 
in the carbonized spectra. These structural changes can be clearly 
associated to the loss of oxygen-functionalities and aromatic con¬ 
densation. The lignin/carbohydrate ratios (/ug/Jchy. 4ig/Jchy2) 
increased due to torrefaction (Table 4), indicating that in all the 
biomasses most of the hemicellulose had decomposed leading to 
a concentration of the lignin. The softwood sample continued to 
have the highest /lic./Ichy value, although the /ug/1chy2 ratios were 
similar for softwood and hardwoods, and both lucjlcnv and /lig/Fchy 
ratios had the lowest value for the Ols sample compared to the 
woody material. A slight increase in aromatization and a decrease 
in oxygen-bearing functionalities upon torrefaction was observed 
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Fig. 3. Fluorescence spectra of raw biomasses, (a) Lignocellulosic tissues and 
cutinite in sample Rec, (b) variability of lignocellulosic tissues in Aca sample and (c) 
variability of lignocellulosic tissues in Euc sample. 



in the / ar // a i and / c =c/lc=o indices, respectively (Table 4). The drastic 
increase in both indices reflected the virtual disappearance of 
hemicellulose and cellulose in the carbonized samples (Table 4). 
The increase in aromatic structures was also reflected in the pres¬ 
ence of three well-resolved bands in the 700-900 cm -1 region cor¬ 
responding to the out-of-plane vibration of aromatic C—H bonds 
(yCH ar ) with an isolated H and 2-4 adjacent hydrogens in the aro¬ 
matic rings [46], These bands are typically present in medium to 
high rank coal FTIR spectra [39,41,47], The values of the fc=c/fc=o 
ratio were rather similar for the carbonized samples, whereas the 
/ ar // a i ratios indicated a lower aromaticity for Ols-ca and the Pin- 
ca (Table 4). The lower aromaticity values recorded for softwood 
could be related to its higher volatile matter content (Table 1), 
whereas in the case of Ols-ca, with similar volatile matter content 
to hardwood, its lower aromaticity may be related to its signifi¬ 
cantly distinct structure. 

Table 7 shows the pore volume and specific surface areas corre¬ 
sponding to the meso- (S B et) and micropores (S d _r) of the bio¬ 
masses thermally treated at different temperatures. The Sbet 
values of the torrefied biomasses were negligible, according to val¬ 
ues <l-8m 2 g _1 reported previously [23,30,55], The structure of 


Petrographic parameters of the samples: Rr = random reflectance, CVrt = coefficient of 
variation of reflectance readings calculated as the quotient between the standard 
deviation and the mean, 2 max - spectral maximum and Qh/ g = red/green quotient in 
the fluorescence spectra. 


Sample 
Raw samples 



Euc-1 

Euc-2 

Rec 


Rec-cut 

Pin 

Ols 


Torrefied samples 


Euc-to 

Rec-to 

Pin-to 

Ols-to 


Blue (frequency: 9%) 

Yellow (frequency: 22%) 
Orange pale (frequency: 24%) 
Orange dark (frequency: 24%) 
Brown (frequency: 22%) 


Carbonized samples 


Ols-ca 


Rr (%) 


1.95 
2.03 
1.75 

1.96 


CVrt 


0.50 

0.50 

0.50 

0.60 

0.40 


440 

540 

440 

540 

440 

675 

440 

440 


600 

630 

590 

575 

440 

555 

585 

585 

620 


low temperature thermally treated biomass may shrink at the 
low temperatures at which the N 2 adsorption isotherms are carried 
out, resulting in unrealistic low values [56], The C0 2 at 0 °C diffuses 
easily and may partially overcome this difficulty [57], Values 
between 50 and 92 m 2 g 1 were reached by the S D _ R of micropores. 
Accordingly, the pore volumes measured by means of N 2 adsorp¬ 
tion ranged between 0.002 and 0.007 cm 3 g ’, whereas those mea¬ 
sured by C0 2 adsorption ranged between 0.011 and 0.019 cm 3 g 1 
(Table 7) indicating that most of the porosity is below 7 A and that 
it is a tortuous and strangulated porosity [57], The carbonization 
process generated a carbonaceous solid with relatively high S B et 
and S D -r values resulting from a significant release of volatiles 
and the resolidification of the carbonaceous material. The volumes 
of the N 2 and C0 2 pores were similar, but the N 2 -measured vol¬ 
umes slightly exceed those of C0 2 -measured pores in the woody 
biomasses, indicating a significant increase in the size of the pores, 
the exception being the Ols-ca sample, whose S BE t (24.1 m 2 g 1 ) 
and N 2 pore volume (0.023 cm 3 g 1 ) were much lower than those 
of the other carbonized biomasses (Table 7). The micropore surface 
area and pore volume of the Ols-ca sample, however, were very 
similar to the other carbonized samples. The microporous struc¬ 
ture is generally attributed to the arrangement of the carbonaceous 
skeleton - the interlayer spacing and the disorientation of the lay¬ 
ers, and this structure is similar in all the carbonized biomasses. 
The mesoporous structure is more related to the spaces left by 
the release of volatiles [58], The combination of S BBr and S d _r 
results in Ols-ca sample indicated a much smaller pore size for this 
sample than for the woody biomasses likely due to the thicker 
walls of olive stone, which might prevent an easy diffusion of vol¬ 
atiles that would enlarge and connect the porosity. 

The biomasses maintained upon heating their characteristic cel¬ 
lular structure formed by cell-walls and empty channels, the main 
transformation being cell-wall shrinkage, which resulted in thin¬ 
ner and multilayered walls (see image for Euc-to in Fig. 6a). This 
shrinkage was probably caused by the partial loss of hemicellulose, 
which decomposes under an inert atmosphere at temperatures 
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below 315 °C [40], The optical microscopic appearance allowed the 
distinction of a darker internal and a lighter external part within 
the walls as illustrated for Euc-to in Fig. 6b. Due to the thinness 
of the cell-wall the reflectance of the darker and lighter parts could 
not be separately measured and therefore the reflectance values 
given in Table 5 reflect an average value for the two areas (dark 
and light). In addition the image of Fig. 6b corresponded to the 
most severely transformed material within the sample, whereas 
many particles still remained translucent with reddish internal 
reflections. The cell-walls of the Ols-to were thicker than those of 
the wood chips (Fig. 6d). The increase in reflectance from virtually 
0% corresponding to translucent material in the raw biomasses to 
values between 0.10% and 0.18% in the torrefied biomasses is con¬ 
sistent with the C-enrichment observed in the elemental analysis 
(Table 1 ) and a slight increase in aromaticity revealed by FTIR spec¬ 
troscopy (Table 4). This transformation was common to all the 
woody chips, resulting in an appearance similar to that of textinite 
in peat and brown coal [59], The standard deviations of the 
reflectance measurements were relatively large for the mean value 


Table 6 

Characteristic temperatures and maximum reaction rates extracted from the com¬ 
bustion profiles of raw, torrefied and carbonized biomasses. T max (1) and R max (1) 
correspond to the Temperature of maximum reactivity and maximum 

reactivity (R ma *) of the hemicellulose/cellulose peak and T max (2) and R mi „ (2) refer 
to the corresponding values of the lignin peak. 


Sample Til/5R max 


_ 

Raw samples 
Aca 272 

Euc 271 

Rec 265 

Pin 279 

Ols 256 


Torrefied samples 
Aca-to 305 
Euc-to 307 
Rec-to 294 
Pin-to 313 
Ols-to 272 


Carbonized samples 


Rec-ca 345 


WP W2) Tf 


338 488 534 

330 457 515 

325 455 510 

352 538 600 

299/324 476 539 

335 500 567 

332 488 551 

320 438 577 

350 556 644 

327 525 670 

547 - 6905 

560 - 642 

505 - 654 

546 - 680 

559 - 757 


Umax ( P IU 

(mg mg" 1 s^ 1 ) 


( 


0.209 0.038 

0.258 0.052 

0.224 0.054 

0.193 0.040 

0.157/0.157 0.053 


0.270 0.059 

0.343 0.061 

0.286 0.068 

0.217 0.047 

0.157 0.037 


0.077 

0.099 

0.078 

0.080 

0.077 





Wavenumbers (cm - ') 


Fig. 5. FTIR spectra of raw, torrefied and carbonized eucalyptus. 


indicating a large heterogeneity in the samples. The coefficient of 
variation (CVrt) calculated as the quotient between the standard 
deviation and the mean allow a direct comparison of the scatter 
in the populations regardless the actual value of the mean. The 
coefficients of variation also confirmed the significant scatter of 
the reflectance readings, the highest CVV been achieved for the 
softwood and the lowest for the olive stone (Table 5). Under fluo¬ 
rescent light, the cell walls of torrefied biomasses exhibited orange 
fluorescence (Fig. 6c), which was weaker for the material appear¬ 
ing more opaque under white light. The fluorescence spectra of 
torrefied biomasses were less intense and noisier than those of 
the raw biomasses (Figs. 3a and 7a) and were shifted to higher 
wavelengths (Table 5). The variability of fluorescence properties 
within the torrefied samples was greater than that of raw bio¬ 
masses. The greatest heterogeneity was observed in the torrefied 
olive stone, in which at least five different-colored particles could 
be detected (blue, yellow, two shades of orange and brown), whose 
corresponding spectra are shown in Fig. 7b. The spectral parame¬ 
ters of the various populations (Table 5) showed a clear increase 
in ^max and Qj ( y G from the values of the virtually untransformed 
material (l max = 440 nm, Qr/c = 0.3) to those of the least fluorescing 
material with brownish color (2 max = 620 nm, Qr /g = 1.7). The vari¬ 
ability of Ols-to particles is shown in Fig. 6e and f. Quantification of 
the amounts of different fluorescing types in the Ols-to sample 
showed that the blue, nearly untransformed particles were the 
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least common, whereas the other types were present in amounts 
close to 20% (Table 5). Olive stone, which had the thickest cell- 
walls, appeared to be the most sensitive to the variation in temper¬ 
ature in the oven. The least fluorescing particles were likely those 
heated to higher temperatures for longer times (closest to the oven 


Table 7 

Pore volume and specific surface areas corresponding to the meso- (S BEr ) and 
micropores (S D _ R ) of the biomasses thermally treated at different temperatures. 


Samples S BEr S D -r Pore vol N 2 Pore vol C0 2 

(mV 1 ) (mV 1 ) (cm 3 g -1 )(cmV 1 ) 


Torrefied 

Aca-to 0.1 49.9 

Euc-to 3.1 82.3 

Rec-to 4.5 91.7 

Pin-to 4.3 84.7 

Ols-to 0.4 77.9 

Carbonized 

Aca-ca 234.7 343.8 

Euc-ca 220.6 370.4 

Rec-ca 167.0 298.5 

Pin-ca 192.3 361.1 

Ols-ca 24.1 333.9 


0.002 0.011 

0.006 0.016 

0.007 0.019 

0.006 0.017 

0.003 0.015 


0.110 0.089 

0.128 0.091 

0.104 0.078 

0.096 0.088 

0.023 0.073 


walls) and the most fluorescing ones were the particles closest to 
the center of the oven, having remained for a shorter time at the 
targeted temperature. These differences due to mode of heating 
should have affected all the samples, but woody structures showed 
smaller differences in fluorescence properties. Either the thicker 
walls or the smaller particle size of olive stone compared to the 
woody samples may had affected the heat transmission and could 
have been responsible for the different behaviors observed. Com¬ 
pared to hardwood, torrefied pine had the highest intensity spectra 
shifted to lower wavelengths (Fig. 7a; Table 5), consistent with the 
lower reflectance values (Table 5) among the woody biomasses. 

The carbonized samples had reflectances ranging from 1.75% to 
2.03% (Table 5) and had completely loss fluorescence. The increase 
in reflectance from torrefied to carbonized samples was large, gen¬ 
erating a material very similar to charcoal under both the optical 
and the SEM microscopes (Fig. 8). The optical microscope revealed 
an isotropic optical texture, consistent with the homogeneous 
walls observed by SEM, without any sign of the multilayered struc¬ 
ture which was evident at lower heating temperatures (Fig. 8). The 
images of Fig. 8 show not only the presence of channels in the cell 
structure but also the existence of small devolatilization pores 
within the walls. The cell openings in the char structure represent 
a way out for volatile products during the pyrolysis (Fig. 8a and c). 
However, the formation of bubbles can be observed in the zoom of 



Fig. 6. Appearance of torrefied biomasses under the scanning electron microscope (a and d) and the optical microscope (b, c and e, f). WL = white light, FL = Fluorescent light. 
Optical microscope images were taken under incident light and oil immersion objectives. 
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Fig. 7. Fluorescence spectra of torrefied biomasses, (a) Torrefied samples and (b) variability within Ols-to particles. 
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Fig. 8. Appearance of carbonized biomasses under the scanning electron microscope (a and c) and the optical microscope (b and d). WL = white light, FL = Fluorescent light, 
DP = devolatilization pore. Optical microscope images were taken under incident light and oil immersion objectives. 


the surface (Fig. 8a). This is ascribed to the release of volatiles from 
the internal zones of the particle while the solid material is soften¬ 
ing and melting [60], These bubbles are small and seem to be orig¬ 
inated from very small holes in the surface of the material. The 
structure of Ols-ca under incident white light was more massive 
and compact and showed a structural porosity that is often difficult 
to distinguish from the devolatilization pores (Fig. 8b and d). 

The isotropic optical texture with reflectance values around 2% 
correspond to a highly aromatic material as revealed by FTIR spec¬ 
troscopy with disordered internal structure consistent with mod¬ 
erate values of meso- and micro-porosity [61-63], Among the 
woody biomasses, Pin-ca showed the lowest reflectance values, 
the lowest aromaticity (Table 4) and the highest volatile matter 
content (Table 1 ), all indicating a less condensed structure proba¬ 
bly related with resinous impregnations [54], The reflectance val¬ 
ues (Table 5) and the volatile matter content (Table 1) of Ols-ca 
were similar to those of woody material, whereas its lower aroma¬ 
ticity (Table 4) and lower mesoporosity (Table 7) indicate a differ¬ 
ent arrangement of the chemical structure. The reflectance 
readings of carbonized samples had lower scatter than those of 
torrefied samples as indicated by the CV^ values in Table 5, indi¬ 
cating that increasing target temperature also increased the homo¬ 
geneity of the product for a similar time of treatment. 

3.4. Combustion behavior of thermally treated biomass 

The torrefied samples showed similar combustion profiles to 
those of the raw biomasses (Fig. 4), except for their shift towards 
higher initial and final temperatures and the lower amount of vol¬ 
atiles released at low temperature. The delay in initial burning 
temperature (Table 6), which is essentially due to the loss of hemi- 
cellulose during torrefaction [40], resulted in a sharper burning 
peak for the hemicellulose/cellulose and an increase in maximum 
reactivity [64], The high-temperature peak above 400 °C, essen¬ 
tially attributed to lignin plus the burning of resolidified carbon 
material, had a similar shape both in the case of the torrefied 
and the raw biomass samples, although the burnout temperatures 
in the torrefied samples were higher (Table 6). The largest differ¬ 


ences between the biomasses could be observed in the final burn¬ 
ing temperatures (Table 6). Ols-to was the sample with the highest 
final combustion temperature and, as observed in the raw samples, 
Pin-to had higher characteristic temperatures in the burning pro¬ 
files than the hardwood samples. 

In the burning profiles of the carbonized samples the peak cor¬ 
responding to the decomposition of hemicellulose/cellulose com¬ 
pletely disappeared and only one broad peak is identifiable above 
300 °C (Fig. 4). This peak probably corresponded to a more refrac¬ 
tory carbon material essentially formed by the polymerization of 
lignin upon carbonization with a minor contribution from the 
other two woody components. The maximum reactivity of this 
broad band was slightly higher than the peak corresponding 
(mostly) to lignin combustion in the raw and torrefied samples. 
A large displacement to higher characteristic temperatures could 
be observed. Differences of over to 100°C were found between 
the final burning temperatures of the biochars, Euc-ca being the 
most reactive and Ols-ca being the least reactive. The differences 
observed between the burning profiles of the softwood (least reac¬ 
tive) and hardwood (more reactive) in the raw and torrefied sam¬ 
ples were no longer clear after carbonization. The most significant 
difference was that of the final burning temperature of Ols-ca sam¬ 
ple, which due to its more massive structure and lower mesoporos¬ 
ity took longer to complete combustion. 

4. Conclusions 

Integration of results derived from chemical, spectroscopic, 
physical adsorption and microscopy techniques have allowed fol¬ 
lowing the transformation of softwood, hardwood and olive stone 
upon torrefaction and carbonization. At the torrefaction tempera¬ 
ture used in this work (250 °C) a decrease in volatile matter and 
an increase of higher heating value close to 12% was achieved. 
These transformations, mainly due to the loss of hemicellulose, 
were reflected in the decrease of hydroxyl and aliphatic infrared 
stretching bands and a slight increase in aromaticity, which was 
accompanied by moderate microporosity and negligible mesopo¬ 
rosity development. The fluorescence intensity decreased and 
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